Abstract. We review some recent results about the mechanism of deconfinement of hadronic matter into quark matter in cold neutron stars and protoneutron stars. We discuss the role of finite size effects and the relevance of temperature and density fluctuations on the nucleation process. We also examine the importance of surface effects for mixed phases in hybrid stars. A small drop of quark matter nucleated at the core of a compact star may grow if the conversion is sufficiently exothermic. In such a case, it may trigger the burning of the stellar core and even the whole star if quark matter is absolutely stable. We explore the physical processes that occur inside the flame and analyze the hydrodynamic evolution of the combustion front. In the last part of this review, we focus on hybrid stars using the Nambu-Jona-Lasinio (NJL) model with scalar, vector and 't Hooft interactions, paying particular attention to a generalized nonstandard procedure for the choice of the 'bag constant'. We also describe the non-radial oscillation modes of hadronic, hybrid and strange stars with maximum masses above 2M and show that the frequency of the p1 and g fluid modes contains key information about the internal composition of compact objects. 
Introduction
Observational evidence is not conclusive about the internal composition of compact stars. All measured stellar properties such as masses, radii, cooling properties, etc. are reconcilable at present with a pure hadronic composition, but also with stellar models that allow the presence of deconfined quark matter. However, the recent discovery of two very high mass pulsars with ∼ 2M [1, 2] and the possible existence of even more massive neutron stars [3, 4] strengthens the idea that some kind of exotic matter must be present in such objects. In particular, since the central baryon density in these heavyweight stars should be several times the nuclear saturation density, deconfined quark matter is a natural candidate for, at least, the core composition.
According to present knowledge, quark matter could be formed if the density inside a purely hadronic star reaches some critical density. This may happen due to accretion onto a cold hadronic star in a binary system, as a consequence of cooling, deleptonization and fallback accretion during the protoneutron star phase of a just born compact star, due to spin down of a fast rotating star, or by binary merging. Other more exotic mechanisms such as strangelet contamination are also conceivable. The conversion of the star presumably begins with the nucleation of a small quark matter seed which subsequently grows at the expenses of the gravitational energy extracted from the contraction of the object and/or through a strongly exothermic combustion process. All these scenarios lead to the formation of hot and neutrino rich quark matter occupying the core of a hybrid star or the whole compact object if quark matter is absolutely stable. Due to violent dynamics of the conversion, such event is expected to produce a conspicuous signal in neutrinos, gravitational waves and gamma rays.
In this work we review some recent results about the process of deconfinement of hadronic matter into quark matter in cold neutron stars and protoneutron stars. In Section 2, we focus on the role of the surface tension and the curvature energy on the nucleation rate of quark drops, we present transition curves in the phase diagram and we discuss the relevance of temperature and density fluctuations on the nucleation process. We also analyze the importance of surface effects for mixed phases in hybrid stars. An important feature of the nucleation process is that the drop must pass through an intermediate activation state before reaching chemical equilibrium. Accordingly, the nucleation can be regarded as a two step process. First, hadronic matter deconfines in a strong interaction timescale (∼ 10 −24 s) forming a quark matter drop out of chemical equilibrium with respect to weak interactions. In spite of being very short lived, this is an unavoidable intermediate state that must be reached before arriving to the final configuration in chemical equilibrium. In the second step, weak interaction processes such as u+d ↔ u+s, u+e − → d+ν e , u+e − → s+ν e , drive the quark drop into an equilibrium state in a timescale of ∼ 10 −8 s. The energy released in such conversion can trigger the conversion in the neighborhood of the drop leading to the creation of a combustion front that travels outwards along the star. In Section 3 we focus on the physical processes that occur inside the burning flame and estimate the temperature rise and the neutrino emissivity. Then, we address the hydrodynamic evolution of the combustion front.
In Section 4, we review a recent systematic study of hybrid star configurations using a relativistic mean-field hadronic equation of state and the Nambu-Jona-Lasinio (NJL) model with scalar, vector and 't Hooft interactions for three-flavor quark matter. We pay particular attention to the role of vector interactions and to a generalized nonstandard procedure for the choice of the 'bag constant' that has a significant effect on the maximum mass of the hybrid configurations.
In Section 5, we describe the non-radial oscillation spectrum of hadronic, hybrid and pure self-bound strange quark stars with maximum masses above 2M using several equations of state. It is shown that the three kinds of objects present qualitatively different pulsating properties that allow to constrain the internal composition based on the frequency of the f , p 1 and g modes. We conclude with a brief summary in Section 6.
Finite size effects in quark matter
Finite size effects are extremely relevant for neutron star physics. Not only they determine whether a mixed phase of quarks and hadrons may appear inside hybrid stars, but also have a key role in the beginning of the conversion of a hadronic star into a quark star, since they regulate the nucleation rate of the initial quark drops that trigger the conversion. In this section we review some recent results obtained within the multiple reflection expansion (MRE) formalism developed by Balian and Bloch [5] .
Summary of the multiple reflection expansion formalism
In a confined droplet of massive quarks, surface tension arises dynamically due to the modification of the density of quark states due to the boundary conditions. The density of states ρ ≡ dN/dk of a degenerate Fermi gas in a spherical volume V = 4/3πR 3 with surface area S = 4πR 2 and curvature C = 8πR can be written as [5] :
being [6] , where m f is the mass of the different quark flavors (f = u, d, s). Since m s is significantly larger than m u and m d the main surface corrections come in general from the contribution of strange quarks.
To introduce finite size effects in a given equation of state, the integral that defines the thermodynamic potential of the model, is modified according to the generic replacement [6, 7, 8, 9 , 10]
For massive quarks, the density of states is reduced compared with the bulk one, and for a range of small momentum becomes negative. Such non-physical values are removed by introducing an infrared cutoff Λ IR in momentum space, where Λ IR is the largest solution of the equation ρ M RE (k) = 0 with respect to the momentum k.
The thermodynamic potential obtained after the above replacement can always be written as the sum of a volume term, a surface term and a curvature term:
where P is the pressure, α is the surface tension and γ is the curvature energy density (see e.g. [9] and references therein).
The explicit form of P , α and γ depends on the specific EOS. For example, we can use an SU (3) f NJL effective model including color superconducting quark-quark interactions, whose Lagrangian is given by
+ 2H
A,A =2,5,7
is the current mass matrix in flavor space, the matrices τ i and λ i with i = 1, .., 8 are the Gell-Mann matrices corresponding to the flavor and color groups respectively, and τ 0 = 2/3 1 f . In this case, the expressions for α and γ are [9, 10] :
ω(x i , y i ). (6) where Λ is the cut-off of the model and ω(x, y) is defined by ω(x, y) = −x−T ln[1+e
The quantities x and y depend on the momentum k, the chemical potentials µ cf , the pairing gaps ∆ i and the chiral condensates σ i (for more details see [9, 10] ).
As shown above, α and γ depend on several variables such as µ cf , ∆ i and σ i , that are not independent but must obey several constrains. For the NJL model shown above, the consistent solutions of the model correspond to the stationary points of the thermodynamic potential Ω with respect to σ i and ∆ i ; i.e., we have ∂Ω/∂σ i = 0 and ∂Ω/∂|∆ i | = 0. On the other hand, the chemical potentials fulfill conditions that depend on the physical situation under study. For example, in the case of quark droplets in a hypothetical mixed phase present in a hybrid star the quark species are in equilibrium under weak interactions and the µ cf are subject to a set of chemical equilibrium conditions. In contrast, during the nucleation of the first quark matter drop that triggers the conversion to quark matter in a pure hadronic star, weak interactions are frozen. In such a case, the µ cf are related by flavor conservation conditions.
Finite size effects and the formation of a quark star: nucleation of quark drops
We focus here on the problem of the nucleation of a small quark matter drop near the center of a hadronic star. We want to determine the conditions under which such nucleation is energetically favored, e.g. at which density and temperature it may occur. Later we will focus on the problem of weather the quark drop can grow and convert a significant part of the hadronic star into quark matter.
An important aspect of the nucleation process is that the direct formation of a quark matter droplet in chemical equilibrium under weak interactions is strongly suppressed (see Fig. 1 ). Instead, the nucleation can start through an intermediate state out of chemical equilibrium (see Fig. 2 ). The initial flavor composition of the intermediate state is determined by the conservation of quark and lepton flavors with respect to the hadronic environment (see [9, 11, 12, 13] and references therein). Clearly, in a timescale of ∼ 10 −8 s the quark droplet will reach equilibrium with respect to weak interactions.
To model the intermediate state we may assume that the drop is spherical and that it is in thermal and mechanical equilibrium with the hadronic medium, i.e.,
Additionally, the Gibbs free energy per baryon must be the same for both hadronic and quark matter, g H = g Q . Also, since weak interactions are frozen, flavor is conserved and the particle abundances must be the same in hadronic matter and in the intermediate deconfined quark drop. This can be written as
where
are the abundances of each particle in the hadron and quark phase respectively, being n f the particle number density and n B the baryon number density. Notice that, since the hadronic phase is assumed to be electrically neutral, flavor conservation ensures automatically the charge neutrality of the just nucleated quark drop. Finally, it has been shown in [14] that when color superconductivity is included in the analysis together with flavor conservation, the most likely configuration of the just deconfined phase is a two-flavor color superconductor (2SC) provided the pairing gap is large enough. Within the above model, all the thermodynamic properties of the intermediate state can be obtained once we fix the radius R of the deconfined drop for a given temperature T and neutrino chemical potential of the trapped neutrinos in the hadronic phase µ H νe . In particular, for each set {R, T, µ H νe } there is a unique hadronic mass energy density ρ H at which the deconfinement conditions are fulfilled. This allows the construction of "transition curves" in the density versus temperature plane as show in Fig. 3 .
For interpreting the transition curves, let us consider the following example: suppose that a portion of hadronic matter inside a neutron star core has a density ρ H ≈ 6 × ρ 0 , a temperature T = 10 MeV, with trapped neutrinos having a chemical potential µ H νe = 200 MeV. This state is represented by a circle in Fig. 3 . Comparing the position of the circle with respect to the curves for different radii, we see that it is energetically favorable to convert hadronic matter into quark drops provided they have a radii larger than R ∼ 50 fm. That is, radii whose curves lie to the left of the circle are energetically favored while those on the right are forbidden because of the energy cost associated with surface and curvature. Such energy cost is linked with the values of α and γ, which for the NJL model of Eq. face and curvature energy cost. However, fluctuations in the independent thermodynamic variables {T, ρ H , µ H νe } of the hadronic fluid may drive some portion of it to a state described by {T + δT, ρ
Nevertheless, notice that the curves of Fig. 3 are quite vertical, i.e. the transition is not very sensitive to changes in T . The same holds for variations in µ H νe as can be checked in [9] . Thus, we shall consider only energy-density fluctuations with radius R f l that drive some part of the hadron fluid to a density ρ
H to the right of a curve with a given R. As explained above, quark drops with radii larger than R are energetically favored; i.e., if the fluctuation has a size R f l larger than R it will be energetically favorable for it to grow indefinitely. In order to quantify this, we calculate from the transition curves the difference δρ H between ρ H bulk and the hadronic density of the point that allows nucleation with radius R or larger. In such a way we can construct a critical spectrum δρ H /ρ H as a function of R for different values of T and µ H νe as seen in Fig. 4 . Fluctuations of a given over-density δρ H /ρ H must have a size larger than the critical value given in Fig. 4 in order to grow. Equivalently, fluctuations of a given size must have an over-density δρ H /ρ H larger than the critical one for that size.
The nucleation rate of critical bubbles can be be determined through
where δΩ c is the work required to transform a portion of hadronic matter at the bulk transition point into a quark bubble with the critical radius
The T 4 prefactor is rather arbitrary and is included here on dimensional grounds. However, Γ is largely dominated by the exponent in Eq. (8); i.e. we always have log 10 Γ ≈ log 10 (prefactor) − δΩ c /[T ln (10) ] where the second term is much larger than the first one. A more elaborate statistical prefactor has been developed in the literature [18] . Nevertheless, the determination of such prefactor involves the specification of transport coefficients such as the thermal conductivity, and the shear and bulk viscosities, which are not well known for ultradense matter (see Refs. [17, 18] for more details). We have checked that the prefactor given in Ref. [17] is in fact very different from the T 4 factor, but it is not dominant with respect to the exponential for the conditions encountered in our calculations. Thus, the results are not significantly affected by that choice. The nucleation rate is given in Fig. 5 and shows that critical bubbles with R > 800 fm are strongly disfavored while those with R < 800 fm have a huge rate. The nucleation time τ is the typical time needed to nucleate a droplet of radius R and is given by τ = (
The above presented results are in qualitative agreement with similar calculations using the MIT bag model with color superconductivity for quark mattter [32] . Quantitatively, the nucleation rate obtained within the MIT bag model is very different to the one obtained within the NJL model; nonetheless, both are negligible above some radius R * and huge below it. Moreover, in spite of the large differences in α, γ and Γ for the MIT and the NJL models, the radius R * is within the same order of magnitude in both cases (some hundreds of fm).
In summary, we find that fluctuations in the temperature and in the chemical potential of trapped neutrinos are not very important for deconfinement in neutron stars, and fluctuations in the energy density are the more efficient way to trigger the transition. Typically, over-densities of δρ H /ρ H ∼ 0.001 − 0.1 above the bulk point are needed for the nucleation of drops with R ∼ 10 − 1000 fm. However, the nucleation rates Γ vary over several orders of magnitude. Drops with radii between few fm to some hundreds of fm have a huge nucleation rate while larger ones are strongly suppressed. In the context of neutron stars the main consequence is that if the bulk transition point is attained near the star center, quark matter drops with radii smaller than hundreds of fm will nucleate almost instantaneously.
Finite size effects and the internal structure of compact stars
Finite size effects are also determinant for compact stellar structure. A mixed phase of hadrons and quarks may arise only if the surface tension is smaller than a critical value of the order of tens of MeV / fm 2 [20, 21, 22, 23] . Also, surface tension affects decisively the properties of the most external layers of a strange star which may fragment into a charge-separated mixture, involving positively-charged strangelets immersed in a negatively charged sea of electrons, presumably forming a crystalline solid crust [24] . This would happen below a critical surface tension which is typically of the order of a few MeV/fm 2 [25] . In spite of its key role, the surface tension of quark matter is still poorly constrained. While early estimates pointed to values below 5 MeV/fm 2 [26] , larger values within 10 − 50 MeV/fm 2 were used in other works about quark matter droplets in neutron stars [27, 28] . More recently, values around ≈ 30 MeV/fm 2 have been adopted for studying the effect of quark matter nucleation on the evolution of protoneutron stars [29, 30] . However, much larger values have also been reported in the literature. Estimates given in Ref. [20] give values in the range 50 − 150 MeV/fm 2 and values around ∼ 300 MeV/fm 2 were suggested on the basis of dimensional analysis of the minimal interface between a color-flavor locked phase and nuclear matter [31] .
In a recent work we evaluated the surface tension and the curvature energy of three-flavor quark matter within the Nambu-Jona-Lasinio (NJL) model [10] . Finite size effects were addressed within the multiple reflection expansion formalism and the effect of color superconductivity was taken into account. We are interested in finite size color superconducting droplets that may form e.g. within the mixed phase of a cold hybrid star. In such a case, chemical equilibrium is maintained by weak interactions among quarks, and therefore we have µ dc = µ sc = µ uc +µ e , for all colors c. We find that for µ below ∼ 350 MeV the solution that minimizes the thermodynamic potential is the one corresponding to the chiral symmetry broken phase and for µ above ∼ 350 MeV it is the 2SC phase. For temperatures between 0−30 MeV and drop radii between 5−∞ fm, the surface tension is in the range of α ∼ 145 − 165 MeV/fm 2 and the curvature energy is in the range of γ ∼ 95 − 110 MeV/fm. The branches corresponding to the chiral symmetry broken phase and the 2SC phase are separated by a discontinuity, but the change in the values of α and γ is less than ∼ 10 % [10] . We also find that the temperature dependence of α and γ is very weak in the temperature regime that is relevant for both protoneutron stars and cold neutron stars. In the previous subsection we shown α and γ for just deconfined quark matter out of chemical equilibrium under weak interactions. Notice that, in spite of the very different thermodynamic conditions, the range of values of the surface tension α for quark matter in chemical equilibrium is similar, typically ∼ 20 % larger.
For such large values of α and γ, the energy cost of forming quark drops within the mixed phase of hybrid stars would be very large. According to [20] , beyond a limiting value of α ≈ 65 MeV/fm 2 the structure of the mixed phase becomes mechanically unstable and local charge neutrality is recovered. Therefore, our results indicate that the hadron-quark interphase within a hybrid star should be a sharp discontinuity.
It is worth emphasizing that the nucleation of quark drops analyzed in the previous subsection is possible even for large values of the surface tension. Since these drops are charge neutral due to flavor conservation [9] , they can be considerably larger than the Debye screening length λ D of the stellar plasma which is typically 5 − 10 fm. For such large drops (R ∼ hundreds of fm [9, 32] ), surface and curvature corrections tend to vanish. This is not the case for droplets of quark matter in the hypothetical mixed phase of a hybrid star. Since charge neutrality is a global condition in the mixed phase, quark drops are electrically charged and their size cannot exceed ∼ λ D ∼ few fm. Therefore, finite size effects don't preclude the deconfinement nucleation but inhibits the formation of the mixed phase.
3 Combustion processes: the growth of the initial drop
Processes inside the flame
As described before, the formation of quark matter in a neutron star begins when hadronic matter in the stellar core attains a critical density and a small deconfined drop is nucleated (see Fig. 1 ). The initial drop decays by means of weak interactions and as a result a quark drop in chemical equilibrium is formed, temperature is significantly increased, and neutrinos are produced.
The energy released in such conversion can compress the adjacent hadronic matter, triggering the conversion in the neighborhood of the drop. If the process is sufficiently exothermic, it may lead to the creation of a combustion front (flame) that travels outwards along the star and converts to quark matter the stellar core and even the whole star if quark matter is absolutely stable [41, 43, 46, 47, 48, 49] .
According to this picture, the structure of the flame is as shown in Fig. 6 . Deconfinement occurs within a thin layer of thickness l strong ∼ 1fm behind which there is a thicker layer of about 1 m where the following processes drive quark matter into chemical equilibrium: The evolution of quark matter towards chemical equilibrium within the flame can be described by
where Γ f i (f = u, d) are the rates of the processes creating and destroying the f species. Baryon number conservation and charge neutrality relate s quark and electron abundances with u and d quark abundances:
For a transition to quark matter taking place in a protoneutron star, the lepton number Y L = Y e + Y ν is constant because neutrinos are trapped. The evolution of the temperature can be obtained from the first law of thermodynamics [33, 34, 35] .
The above equations can be solved using as initial conditions for the quark abundances the results of the previous section. The results show that within the flame weak decays increase significantly the temperature (up to 60−70 MeV) and the strange quark abundance Y s in a timescale of ∼ 10 −9 s [33] . The abundances of the other particles Y u , Y d , Y e decrease. The nonleptonic process u + d → u + s is always dominant for protoneutron stars and cold neutron stars, but, in the case of protoneutron star matter the process u + e − ↔ d + n νe becomes relevant as matter approaches chemical equilibrium. The rates for all the other processes are orders of magnitude smaller. The electron capture reactions have a small contribution to the rate, but they are the most important processes for neutrino emission. The neutrino emissivity per baryon is very high during the first ∼ 10 −10 s with a maximum value in the range 10 10 − 10 12 MeV/s. After this initial phase, there is a steep decline to a value several orders of magnitude smaller in a timescale of ∼ 10 −8 s. Integrating in time the total neutrino emissivity we obtained the total energy per baryon released by quark matter in the form of neutrinos [33] . For cold neutron stars the energy release is E νe = 30−60 MeV per baryon and for protoneutron stars it is E νe = 10−55 MeV. Since a typical neutron star has 10 58 baryons, the whole conversion of a compact object would release roughly ∼ 10 53 erg in the form of neutrinos due to the weak decays of quarks. If the conversion to quark matter occurs in a protoneutron star, these neutrinos can be absorbed by the matter just behind the shock wave that travels along the external layers of the progenitor star, and help to a successful core collapse supernova explosion. Notice also that the liberated energy is of the order of the energy of a gamma ray burst (GRB), indicating that models of GRBs involving the hadron to quark conversion in a neutron star deserve further study.
Hydrodynamic evolution
The study of the hydrodynamic evolution of the combustion front is an essential element not only for understanding the conversion timescale of the star, but also for assessing the potential observational signatures, e.g. in neutrinos, gravitational waves and gamma rays. Most works have concentrated on the hydrodynamics of the combustion under the assumption that quark matter is absolutely stable, i.e. that it has an energy per baryon at zero temperature and vanishing pressure that is lower than the mass of the neutron (the so called Bodmer-Witten-Terazawa hypothesis [36] ). If such hypothesis is true, strange quark matter would be the true ground state of strongly interacting matter and therefore all hadronic neutron stars would be in a metastable state. Early papers [37, 38] have estimated the velocity of the laminar deflagration by considering the diffusion of s-quarks as the main agent for the progress of the conversion, finding that the laminar velocity of the front is relatively slow (v lam < 10 4 cm/s). This velocity is a direct consequence of both the timescale for weak decays that create s-quarks and the physics of the diffusion process. In more recent studies assuming strange quark diffusion [46] , the combustion of pure neutron matter to strange quark matter is numerically investigated taking into account the binding energy release and neutrino emission across the burning front. In such calculations the typical speed of the burning process is between 0.002 c and 0.04 c. However, it is well known that deflagration fronts are subject to several instabilities (e.g. LandauDarrieus and Rayleigh-Taylor), that lead to a wrinkling of the flame and an increased combustion area that may cause a strong flame acceleration depending on the role of non-linear stabilizing effects. Whether the conversion process remains as a deflagration, either laminar or turbulent, or jumps to the detonation regime, thus driving an explosive transient has been debated in the literature for many years [39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49] . A definitive answer to these questions would need full numerical simulations involving general relativistic hydrodynamics and a detailed description of the equations of state, neutrino interactions and neutrino transport. Some work has been done in this direction, but the complexity of the problem demands strong approximations. In Refs. [47, 49] the authors present three-dimensional non-relativistic numerical simulations of turbulent combustion and in all cases they observe growing Rayleigh-Taylor instabilities of the conversion front. The resulting turbulent motion strongly enhances the conversion velocity but the burning speed does not reach sonic or even supersonic velocities. In contrast, preliminary one-dimensional relativistic hydrodynamic simulations point to supersonic conversion fronts [50] .
Structure of quark stars: hybrid and strange configurations
The recent determination of the mass of the pulsars PSR J1614-2230 with M = (1.97±0.04)M [1] and PSR J0348-0432 with M = (2.01 ± 0.04)M [2] renewed the discussions about the possibility of exotic matter being present at the core of neutron stars. Such interest is increased by the possible existence of even more massive neutron stars such as the black-widow pulsar PSR J1311-3430 [3] and PSR J1816+4510 [4] .
One of the problems that reemerged is the softening of the equation of state of dense baryonic matter due to the presence of hyperons at high density, which lowers the maximum mass of hadronic stars. This led to the exploration of additional repulsion between hyperons due to a vector meson coupled to hyperons only, as well as the possible appearance of a transition to a very stiff quark phase before the hyperon threshold (see [51] and references therein). Concerning quark matter, it is known that schematic MIT bag models of strange stars made of absolutely stable quark matter satisfy comfortably the new constraint if color-superconductivity is taken into account [52, 53] . However, it is not straightforward to construct models of hybrid stars with more than two solar masses. If the quark phase is described within the MIT bag model, hybrid stars reach the two solar mass limit only for a significantly limited range of parameters of the models that include corrections motivated from perturbative one-gluon exchange or from color superconductivity. Moreover, the appearance of quark matter in massive stars crucially depends on the stiffness of the nuclear matter equation of state [54] .
The situation is similar if the quark phase is described by the NJL model. In fact, in a recent work we performed a systematic study of hybrid star configurations using a relativistic mean-field hadronic equation of state [15, 16] and the NJL model for three-flavor quark matter. For the hadronic phase we used the stiff GM1 and TM1 parametrizations, as well as the very stiff NL3 model [55] . In the NJL Lagrangian we included scalar, vector and 't Hooft interactions, with the vector coupling constant g v treated as a free parameter. Within this approach, the hadronic and the quark-gluon degrees of freedom are derived from different Lagrangians and the quark-hadron phase transition is associated with the point where both models have the same free energy. Thus, by construction, chiral symmetry restoration in the quark model occurs at a chemical potential µ that is in general different to the µ of deconfinement. Additionally, the thermodynamic potential within the NJL model is defined but for a 'bag constant' Ω 0 , analogous to the MIT bag constant, which is usually fixed by requiring that the corrected pressure is vanishing at vanishing chemical potential [56, 57, 58] . Although this has been the most commonly employed procedure, it is completely arbitrary an in fact different approaches have been adopted in the literature [59, 55, 60] . For example, in [59] it is assumed that deconfinement occurs at the same chemical potential as the chiral phase transition, i.e. the value of Ω 0 is fixed to force the pressure of quark matter to be equal to the pressure of the hadronic matter at the critical chemical potential for which chiral symmetry is restored. The bag value obtained with this assumption is the lowest possible value for the bag constant in the NJL model because it allows to use the NJL equation of state just starting from the chemical potential of the chiral phase transition. Using this procedure, [59] computed the equation of state of quark matter within the NJL model by including effects from the chiral condensates, the diquark coupling pattern, and a repulsion vector term. They find that hybrid stars containing a CFL core are stable but the maximum mass is ∼ 1.8M , i.e. incompatible with the recent observed pulsars.
More recently, we have explored the effect of different calibrations of the bag constant. Instead of Ω 0 , we used a value Ω 0 + δΩ 0 , where δΩ 0 is a free parameter. Notice that the parametrization of the model can be kept as in the standard case because a change in the value of Ω 0 has no influence on the fittings of the vacuum values for the pion mass, the pion decay constant, the kaon mass, the kaon decay constant, and the quark condensates. The effect on the equation of state can be understood as follows: first, the chemical potential at which the chiral transition occurs doesn't depend on Ω 0 because it is determined from the solution of the gap equations for the constituent masses. On the other hand, the chemical potential for the deconfinement transition depends on Ω 0 because it is determined by matching the pressures of the hadronic and quark phases. Thus, tuning δΩ 0 is an easy way to control the splitting between both transitions. Clearly, δΩ 0 has a minimum value because the phase transition cannot be shifted to a pressure regime where the NJL model describes the vacuum. That is, we fix a minimum limit to δΩ 0 for which the phase transition occurs at the chiral symmetry restoration point. On the other hand, there is no maximum value in principle for δΩ 0 , since the phase transition can be shifted to arbitrarily large pressures.
The effect on the structure of spherically symmetric and static stars is the following. As we increase the value of δΩ 0 , the deconfinement pressure gets larger, leading to configuration with smaller quark matter cores. At the same time, we obtain larger maximum masses because the hadronic equation of state is stiffer than the quark one. However, since there is a larger density jump between the two phases, the configurations tends to be less stable; i.e. hybrid stars are stable within a smaller range of central densities. For large enough δΩ 0 , stable hybrid configurations are not possible at all [55] . The effect of increasing the coupling constant g v is very similar. When hyperons are included in the hadronic equation of state, the main effect is that they preclude the deconfinement transition in almost all the region of the parameter space that allows large maximum masses. In summary, hybrid configurations with maximum masses above ∼ 2M are possible for a significant region of the parameter space of g v and δΩ 0 provided a stiff enough hadronic equation of state without hyperons is used. However, the observation of compact star masses a few percent larger than the mass of PSR J1614-2230 will be hard to explain within hybrid star models using the GM1 and TM1 equations of state and will require a very stiff hadronic model such as NL3 with nucleons only.
Signatures of quark matter from compact star pulsation modes
A new window for the observation of compact stars will be opened soon thanks to the second generation of interferometric gravitational wave detectors (Advanced LIGO, Advanced Virgo and KAGRA [61] ). When the design sensitivity is reached, which is expected to happen around the year 2021, such instruments will be ten times more sensitive than the first generation and will reach about 10 5 galaxies allowing a NS-NS merging detection rate of ∼ 1 per month. Such sensitivity will probably allow the detection of pulsation modes of compact stars excited in binary mergers or pulsations of newly born pulsating compact objects associated with the violent dynamics of core collapse supernovae.
Lot of work has been done in the last four decades in order to describe the non-radial oscillatory properties of neutron stars [62, 63, 64, 65, 66, 67, 68, 69, 70, 71] ; however, these studies employed equations of state that in most cases render maximum stellar masses below 2M i.e. inconsistent with the recently observed high-mass pulsars. Therefore, it is worth re-examining the oscillation spectra because the change in the allowed equation of state may bring new ways to distinguish hadronic, hybrid and strange stars.
In a recent paper [71] we have investigated non-radial fluid oscillations of hadronic, hybrid and strange quark stars with maximum masses above 2M . For the hadronic equation of state we employed two different parametrizations of a relativistic mean-field model with nucleons and electrons. For quark matter we have included the effect of strong interactions and color superconductivity within the MIT bag model. The equations of non-radial oscillations were integrated within the Cowling approximation in f f fp1 fg strange stars ∼ 2 kHz > 7 kHz not present hybrid stars ∼ 2 kHz ∼ 4 − 7 kHz ∼ 0.4 − 1 kHz hadronic stars ∼ 2 kHz ∼ 4 − 7 kHz not present Table 1 . Discrimination between hadronic, hybrid and strange quark stars based on the observation of the frequency of the f , p1 and g modes.
order to determine the frequency of the fundamental (f ) mode, the first pressure (p 1 ) mode, and the discontinuity gravitational (g) mode of hybrid stars. We find that the fundamental mode is sensitive to the internal composition, but due to the uncertainties in the equations of state, there is an overlapping at ∼ 2 kHz of the curves corresponding to hadronic, hybrid and strange quark stars for stellar masses larger that ∼ 1 M . As a consequence it would be difficult to distinguish hybrid and hadronic stars through the f -mode frequency, even if the mass or the surface z of the object is determined concomitantly with f f . However, there are features that in some cases may allow a differentiation between strange stars and hadronic/hybrid stars. For example, strange stars cannot emit gravitational waves with frequency below ∼ 1.7 kHz for any value of the mass. Also, sources with a mass in the range 1 − 1.5M emitting a signal in the range 2 − 3 kHz would be strange stars.
The frequency of the p 1 mode is much more affected by the internal composition of the star. For hadronic and hybrid stars, we find that f p1 is in the range 4 − 7 kHz for objects with masses in the range 1 − 2 M , but for strange quark stars it can be significantly larger than ∼ 7 kHz. Thus, a compact object emitting a signal above ∼ 7 kHz could be identified as a strange star even if its mass or gravitational redshift are unknown.
Discontinuity g-modes are only present in hybrid stars with sharp discontinuities and fall in the range 0.4−1 kHz. Thus, they are clearly distinguishable from the f mode, and of low frequency g-modes associated with chemical inhomogeneities in the outer layers or thermal profiles. Our results are summarized in Table 1 and show that based on the simultaneous analysis of the frequency of the f , p 1 and g-modes it would be possible to discriminate between hadronic, hybrid and strange quark stars.
Summary and conclusions
We reviewed some recent studies about the nucleation of quark matter droplets under neutron star and protoneutron star conditions. The direct nucleation of a quark matter drop in equilibrium under weak interactions is strongly suppressed because it involves the simultaneous conversion of many non-strange quarks into strange quarks. Thus, an activation state with larger free energy than the final state must be nucleated first. Since such state is reached through strong interactions, flavor is conserved and the initial quark matter drop is out of chemical equilibrium with respect to weak interactions. Under these assumptions, the surface tension and curvature energy of quark matter are calculated self-consistently within the multiple reflection expansion formalism for different quark matter equations of state (MIT bag model and NJL model). We also determine the transition density for different drop sizes as a function of temperature and show that density fluctuations are much more relevant than temperature fluctuations for initiating the conversion. A quite general result is that the nucleation rate for density fluctuations is negligible for droplets larger than some hundreds of fm and is huge for smaller droplets. In spite of some quantitative differences, this result has been shown to be valid for calculations using the Nambu-Jona-Lasinio model and the MIT bag model. Thus, we conclude that small drops of quark matter must be almost instantaneously nucleated at the core of a compact star when the bulk transition density is attained due to accretion, spin down or any other astrophysical mechanism.
Once such drops are formed, they may grow if the conversion is sufficiently exothermic because the released energy can compress the adjacent hadronic matter to a density above the critical one. After some transient, a burning front may be created with a thickness of ∼ 1m where the temperature rises up to 60−70 MeV and the integrated neutrino emissivity is in the range E νe = 10 − 60 MeV per baryon. An important issue is whether the combustion proceeds in a fast or a slow hydrodynamic mode, because this is closely related to the possible observational outcome of the conversion. A definitive answer would need full numerical simulations involving general relativistic hydrodynamics and detailed microphysics which is still missing in the literature, as was discussed in Section 3.
We also analyzed the structure of hybrid stars within the Nambu-Jona-Lasinio model. It is shown that for threeflavor quark matter in chemical equilibrium the surface tension is in the range of α ∼ 145 − 165 MeV/fm 2 and the curvature energy is in the range of γ ∼ 95 − 110 MeV/fm. For such large values of α mixed phases are mechanically unstable and the hadron-quark interphase in a hybrid star should be a sharp discontinuity. The structure of hybrid stars is explored for a NJL model with scalar, vector and 't Hooft interactions, paying particular attention to the role of vector interactions and to a non-standard choice of the 'bag constant' which is usually fixed by requiring that the corrected pressure is vanishing at vanishing chemical potential. Taking the vector coupling constant and the 'bag constant' as free parameters we find that hybrid configurations with maximum masses above ∼ 2M are possible for a significant region of the parameter space provided a stiff enough hadronic equation of state without hyperons is used.
Finally, we have briefly described the non-radial pulsation properties of hadronic, hybrid and strange quark stars with maximum masses above 2M using several equations of state. Such analysis is relevant because future generations of gravitational wave detectors will probably allow the identification of normal oscillation modes excited in catastrophic astrophysical events. Important information about the existence of quark matter phases can be obtained from the p 1 and the g mode. While a value of the p 1 mode above ∼ 7 kHz would point that the emitting object is a strange quark star, the observation of a signal in the 0.4 − 1 kHz range would be indicative of a g mode associated with the sharp quark-hadron discontinuity in a hybrid star.
